Objective-Dietary methionine restriction (MR) improves biomarkers of metabolic health, in part through coordinated increases in energy intake and energy expenditure (EE). Some metabolic benefits of dietary MR are secondary to its effects on energy balance so this study's purpose was to examine how age at initiation of MR influences its effects on energy balance and body composition.
Introduction
Dietary methionine restriction (MR) produces an integrated series of metabolic and physiological responses that develop quickly after introducing the diet and improve many Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms biomarkers of metabolic health (1) (2) (3) (4) (5) (6) (7) (8) . Two prominent physiological responses are increases in energy intake and expenditure (2) , with the larger effect on energy expenditure (EE) slowing ongoing fat deposition by increasing the proportion of total energy intake required for maintenance of existing tissue. When the decrease in net energy available to support growth is integrated over time, it significantly limits normal age-associated growth and expansion of adipose tissue. The MR diet also increases in vivo insulin sensitivity through a combination of direct and indirect effects of the diet on liver, adipose tissue, and muscle (6) . In addition, improvements in overall insulin sensitivity accrue from diet-induced reductions in adiposity. However, the extent to which increased EE and reductions in adiposity are required for diet-induced improvements in insulin sensitivity have not been clearly established.
Most studies of MR assess the responses of young mice or rats during the post-weaning phase of growth, but from a translational perspective, the more relevant strategy would be application of MR in adults with metabolic dysfunction. An additional concern with studying MR in a post-weaning model is that metabolic changes could be secondary to developmental effects associated with slowed growth. Several studies of MR have examined the metabolic phenotypes of rats after long term consumption of the MR diet (e.g., ~2 years) (1, 2) . Although improvements in biomarkers of metabolic health were documented in both studies, concerns remain that these benefits are secondary to developmental effects associated with postweaning introduction of the diet. Therefore, an important objective of the present work was to obtain a side-by-side comparison of the effects of dietary MR on energy balance in the standard post-weaning MR model and also in an adult context where dietary MR was initiated after attainment of ~80% of mature size. Using these two experimental models, we report here that dietary MR held BW and body composition constant in adult rats between 6 and 12 months of age despite increasing weight adjusted food consumption by 20%. Dietary MR also increased energy intake and EE in young growing animals, but in this case, energy balance remained sufficiently positive to support a slower rate of growth and deposition of new tissue over the following 9 months.
Materials and Methods

Animals and Diets
All experiments were reviewed and approved by the Pennington IACUC using guidelines established by the National Research Council, the Animal Welfare Act, and the PHS Policy on humane care and use of animals. Two experiments were conducted using male F344 rats obtained from Harlan (Indianapolis, IN) at 5 weeks of age (Experiment 1) or 5 months of age (Experiment 2). In Experiment 1, rats were fed Purina rodent diet (#5001) until 35 days of age, then singly housed in shoebox cages with corncob bedding and fed Control diet for 7 days. Then rats were randomly assigned to one of two dietary treatment groups. Using the experimental feeding paradigm described previously (2), Control rats were provided purified diet containing 0.86% methionine and no cysteine while rats in the methionine-restricted group (MR) were provided the same diet with methionine restricted to 0.17% and no cysteine. The diets were formulated as extruded pellets and provided ad libitum(2). The energy content of both diets (Dyets Inc., Bethlehem, PA) was 15.96 kJ/g, with 18 .9% of energy from fat (corn oil), 64.9% from carbohydrate, and 14.8% from a custom mixture of L-amino acids. The amino acid content of the diet on a weight basis was 14.1%. Details of diet composition are provided in Table 1 . Temperature was maintained at 22-23° C and lights were on 12 h day from 7 AM-7 PM. In Experiment 2, five-months-old rats were fed Control diet for 1 month prior to assignment to Control or MR diet groups.
Food consumption was measured by weighing food provided at the beginning of the feeding interval and unconsumed and wasted food 24 or 48 hours (h). The bedding was sifted through wire mesh to weigh unconsumed food. Body composition was determined by NMR spectroscopy (Bruker Minispec, Billerica, MA).
Experiment 1 -Juvenile Study
Two cohorts of 16 rats were provided the Control or MR diets for 3 months or 9 months beginning at 6 weeks of age. After 3 and 9 months on diet, 8 rats from each dietary group were transferred to indirect calorimeters for measurement of EE (Oxymax System, Columbus Instruments, Columbus, OH). Rats were acclimated in the chambers for 24 h prior to measurement of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) at 48-min intervals for 72 h. At the end of the 4-day period, the rats were removed from the calorimeter and euthanized. VO 2 is expressed as liters (L) of O 2 consumed per h, while Respiratory Exchange Ratio (RER) is the ratio of VCO 2 produced to VO 2 consumed. EE was calculated as (VO 2 X (3.815 + (1.232 X RER)) X 4.019 kJ/h), expressed as kJ/h/rat as described by the manufacturer (Columbus Instruments, Columbus, OH). Group differences (e.g., Diet, Diet Duration, Time of Day, and Diet x Diet Duration x Time of Day interaction) in EE (kJ/h/rat) were compared using Analysis of Covariance (ANCOVA) (JMP Software, Version 12; SAS Institute Inc., Cary, NC), calculating least squares means that accounted for variation in EE attributable to differences in lean mass and fat mass among the rats. The significance of model effects and least squares means ± SEM for the three way interaction were compared using residual variance as the error term (9).
Experiment 2 -Adult Study
The effects of MR on energy balance in adult rats were examined in two cohorts of 16 rats beginning at 6 months of age. Rats were provided the Control or MR diets for 3 months or 6 months thereafter. BW, body composition, and food consumption were determined as before after 3 and 6 months in cohorts of 8 rats per group prior to measurement of EE as before. The effects of Diet, Diet Duration, and Time of Day on EE were assessed by ANCOVA as in Experiment 1.
Statistics
The energy balance response variables in Experiments 1 and 2 were analyzed using a 2-way ANOVA, with Diet and Diet Duration as main effects. The analysis tested for a Diet x Diet Duration interaction using residual variance as the error term. Response variables at each diet duration were compared using least squares means from the ANOVA with the Bonferroni correction. Protection against Type I errors was set at 5%.
Results
Experiment 1 -Juvenile Study
In Experiment 1, the initial BW of all rats was ~84 g and BW increased in Controls by 3.9-fold at 3 months and 5.1-fold at 9 months (Table 2) . Mean fat mass in Controls increased by 5.4-fold and 8.2-fold at 3 and 9 months, respectively, while mean fat-free mass increased by 3.5-fold at 3 months and 4.2-fold at 9 months ( Table 2 ). The accumulation of fat-free mass paralleled the accumulation of BW while the rate of fat accumulation over the same period exceeded the rate of accumulation of BW. MR slowed the increase in BW, fat mass, and fat free mass by ~50% at both time points but the biggest impact was on fat mass at 9 months where the MR group deposited only 38% as much fat as Controls ( Table 2 ). Despite the difference in BW of the two groups, rats in the MR group consumed 80% and 73% of the food consumed by Controls at 3 and 9 months, respectively ( Table 2 ). However, expressed per unit of BW, food consumption in the MR group was 48% higher than Controls at 3 months and 53% higher than Controls at 9 months ( Table 2 ). These data show that rats in both groups were growing and depositing new tissue, although the MR group was growing at a significantly slower rate. Moreover, based on the high rate of energy intake per unit BW in the MR group, the data suggest that the energy costs of maintaining existing tissue and/or adding new tissue in this group were significantly higher.
The compiled measurements of EE were analyzed by ANCOVA to assess the impact of Diet, Diet Duration, Time of Day, lean mass, and fat mass on variation in EE between groups. The relative contributions of model components to variation in EE is shown as the t-ratio of each variable's impact on total variation in EE (Fig. 1 ). Although all model components had significant t-ratios, Fig. 1 shows that Time of Day was the largest contributor to variation in EE among rats. The negative t-ratio for Time of Day indicates that EE was significantly lower during the day, irrespective of Diet or Diet Duration. Diet Duration had a significant independent effect on EE, as EE decreased with age in rats on both diets. Lean mass and fat mass had significant positive effects on variation in EE, and as predicted, the Control diet had a negative effect on EE relative to the MR diet ( Fig. 1 ). Lastly, a significant Time of Day x Diet interaction was detected based on the differential effect of the MR diet on EE measured during the day versus at night. This corresponds with increased nighttime activity and feeding, and the larger effect of MR on nighttime EE versus its daytime effect. These effects are shown graphically in Fig. 2A where the impact of Diet Duration, irrespective of Time of Day and Diet is evident. Fig. 2A also illustrates the independent effects of Diet and Time of Day on EE at the two time points. The day-to-night increase in EE in Controls at 3 months was 24% while the corresponding increase in the MR group was 29%. At 9 months, EE in the MR group was 11% higher than Controls during the day and 10% higher than Controls during the night ( Fig. 2A ).
RER provides a real time index of substrate utilization during the metabolic cycle, and is based on the molar ratios of O 2 consumed and CO 2 produced during the oxidation of glucose (1.00), lipid (0.70), and protein (0.80) (10) (11) (12) . RERs typically range towards 1 during the switch to glucose utilization in the fed state and towards 0.7 during the switch to fat utilization during fasting. Fig. 2B shows the expected diurnal fluctuations in RER in each group, approaching 1 at night when rats consume 75-85% of their daily intake (13, 14) . The nighttime RER in the MR group slightly exceeded 1 after 3 months (Fig. 2B) , which occurs when glucose is used to support de novo lipogenesis (10, 12) . During the day-time postabsorptive state, RERs in the MR group dropped to ~0.80 at both 3 and 9 months, indicating a greater shift to lipid as fuel than Controls. In addition, the range of day-to-night excursions in RER are considered a measure of metabolic flexibility and were significantly larger in the MR group after both Diet Durations (Fig. 2B ). Considered together, the MR group oxidized more fat during the day than Controls and the nighttime shift from fat to carbohydrate was more complete.
Experiment 2 -Adult Study
In Experiment 2, the starting weight of all rats was ~390 g and BW increased in Controls by 13% at 3 months to 438 ± 7 g and by 22% at 6 months to 472 ± 12 g (Table 3 ). Fat mass increased by a modest 20% in Controls at 3 months and by 38% at 9 months, while fat-free mass increased by 9% and 15% over this period (Table 3) . Thus, fat mass accumulation outpaced accumulation of fat-free mass and BW between 6 and 12 months in Controls. In contrast, BW was essentially stable in the MR group during the study, with the MR group losing only 18 g or 5% of BW over 6 months (Table 3) . Fat mass was also constant during this period, with final (84 ± 2.3 g) and starting fat mass (88 ± 1.7 g) not differing (Table 3) . Fat free mass at the end was 96% of its starting value ( Table 3 ), indicating that on average, BW and composition of the MR group remained almost constant during the study. Despite the difference in BW between Control and MR rats at 3 and 6 months, food consumption did not differ between groups at either time point (Table 3) . However, when food intake was expressed per unit BW, energy intake in the MR group was 17% higher than Controls at 3 months and 23% higher at 6 months (Table 3) . In contrast to the Juvenile Study, where energy intake was used to support maintenance and growth in both groups, the MR group in the Adult Study used essentially 100% of their intake for maintenance. By definition, the MR group was relatively close to being in energy balance. Given that Control rats continued to grow at the same level of energy intake, we conclude that energy costs of maintaining existing tissue were significantly higher in the MR group.
As in Experiment 1, the relative contributions of Diet, Diet Duration, Time of Day, lean mass, and fat mass to variation in EE was assessed by ANCOVA and is shown as the t-ratio of each variable's impact on total variation in EE. Fig. 3 illustrates that Time of Day was the largest contributor to variation in EE, and as expected, EE was much lower in both groups during the day. Diet Duration also had a significant effect on EE, but in contrast to the Juvenile Study, EE was significantly higher at 6 months than 3 months in both groups (Fig.   3 ). Lean mass had a significant positive effect on variation in EE as predicted, but in this experiment, fat mass had no effect on variation in EE (Fig. 3) . As predicted from the data in Table 3 , EE in the MR group, averaged across Time of Day and Diet Duration, was significantly higher than Controls (Fig. 3) . Lastly, a significant Time of Day x Diet interaction was detected based on the differential effect of the diets on nighttime EE averaged across Diet Duration. This is illustrated graphically in Fig. 4A , which shows a modest increase in EE between 3 and 6 months, irrespective of Time of Day and Diet. The least square means presented in Fig. 4A also illustrate the independent effects of Diet and Time of Day on EE at both times, with MR producing a 10% increase in EE over Controls during the day at 3 months and a 15% increase over Controls at night. After 6 months, EE in the MR group was 8% higher than Controls during the day and 21% higher than Controls at night (Fig. 4A) . These data show that dietary MR produced a consistent increase in EE over Controls between 3 and 6 months, and that the nighttime increase was approximately twice that of the daytime effect (Fig. 4A ).
RERs were comparable between groups during the day at 3 months, but MR produced a larger nighttime increase in RER compared to Controls (Fig. 4B) . This is indicative of greater metabolic flexibility in the MR group. Diet Duration was without effect in either group, but the daytime RER was slightly lower in the MR group compared to Controls at 6 months (Fig. 4B) . The nighttime increase in RER in the MR group was also significantly greater than Controls after 6 months (Fig. 4B) . Therefore, although substrate selection between groups was comparable during the day, the nighttime shift to carbohydrate oxidation in the MR group was more complete at both time points.
Discussion
The most significant finding from the present work is that the impact of MR on energy balance depends on the age and/or size of the animal when the diet is introduced. In young growing animals, the hyperphagic effect of MR provided an increase in energy intake that was sufficient to overcome the simultaneous increase in EE, leaving sufficient net energy to support continued, albeit slowed deposition of new tissue. Energy intake in excess of expenditure is defined as net energy, and is partitioned between fat and protein synthesis in a manner that determines the relative composition of tissue deposition during growth to maturity (15) (16) (17) . However, net energy is always a remainder term determined by the difference between total energy intake and the energy required to meet daily maintenance requirements. For example, on any given day the proportion of energy intake required for maintenance defines the energy available to support new growth. In practical terms, physiological changes that increase EE reduce energetic efficiency and effectively reduce the availability of net energy. It follows that energy intake and energetic efficiency are critical terms in the energy balance equation. The indirect calorimetry data in our Juvenile Study clearly establish that MR increases EE and therefore the energy required to support maintenance requirements. Maintenance energy is most simply defined as the energy intake required to maintain constant body weight and composition (15) (16) (17) (18) , and is summative in the sense that it includes the energy costs of basal metabolism, thermoregulation, activity, and assimilation of food. Although activity was not measured here, previous studies have found no evidence that dietary MR affects EE by increasing activity (2, 3, 9, 19) . In fact, earlier work showed that MR increases EE by increasing uncoupled respiration and enhancing futile substrate cycling (2, 9). However, even with the increase in EE in the MR group, the simultaneous increase in their energy intake compensated for increased maintenance costs and provided sufficient net energy to support a continued, yet slower rate of growth. It is also possible that the reduced amount of methionine in the MR diet limited the rate of growth independently of the diet's effect on EE. This seems unlikely based on the ability of the MR diet to sustain a much higher BW and lean mass in the Adult Study.
In the Adult Study, MR produced an increase in EE that completely compensated for their increase in energy intake and put the animals in a state close to energy balance. For example, the MR group lost only 15 g of their initial BW of 388 g (e.g., <4%) over the subsequent six months, and their body composition was essentially unchanged. Energy balance is defined as the point when energy intake and expenditure are equal, and it occurs in practice upon attainment of physical maturity when the rate of energy intake is sufficient to maintain a constant body weight and composition. The data presented here make a compelling case that the MR diet, through a combination of increased energy intake (per unit BW) and EE, brought the rats in this group into energy balance. Over the same 6 month period, the Control group continued to grow and deposited 40 additional g of protein, 37 additional g of fat, and 85 additional g of BW while consuming the same amount of food per rat as the MR group (see Table 3 ). These findings illustrate the importance of the MR-dependent increase in weight-adjusted energy intake, for without it, the MR-dependent increase in EE would have put the rats in a state of significant negative energy balance. It is worth noting that rats in the Adult Study were not obese prior to introduction of MR, so from a translational perspective an important question is whether MR would induce weight loss if animals were obese when MR was introduced. The answer is probably yes based on recent work where mice were initially fed high fat diets to produce obesity, followed by 8 weeks of dietary MR (20) . MR reduced BW from 44 g to 27 g and adiposity from 32% to 17% over the 8 week study (20) . These findings argue that dietary MR would be effective in producing weight loss in the context of obesity and weight stability in non-obese individuals.
The analysis of EE by ANCOVA provided several additional insights into how diet, age, time of day, and body composition influence variation in EE among the rats. In both studies the most important effector of variation in EE was time of day, with daytime having a significant negative effect that was independent of diet and age. This is not surprising because rodents sleep during the day and are active at night. Therefore, the large impact of time of day on EE reflects the fact that it encompasses variation in EE associated with the nighttime increase in activity and food consumption of rodents in both diets at all ages. Second, diet duration had opposite effects on EE in the two studies, with increased age having a significant negative effect in the Juvenile Study, and a modest positive effect in the Adult Study (see Figs. 1, 2A, 3 , and 4A). No diet x diet duration interactions were detected, indicating that the observed effects of diet duration on EE were common to both diets in each study. It is interesting that lean mass and fat mass had significant positive effects on variation in EE in the Juvenile Study, indicating that deposition of each tissue type was positively related to and contributing to EE (Fig. 1) . However, the twofold higher t-ratio for lean mass compared to fat mass is consistent with the expected greater impact of lean tissue on EE than fat tissue. In contrast, variation in fat mass had no significant effect on variation in EE in the Adult Study (Fig. 3) , while lean mass had the predicted positive effect. The reasons for the difference between studies are unclear, but may relate to the fact that rats in the MR group, despite their significant increase in EE, were weight stable with unchanging fat mass over the 6 month study. Thus, it is possible that the combination of stable fat mass in the MR group and modest increase in adiposity of Controls provided insufficient variation to detect a co-variation of fat mass with EE between groups. Considered as a whole, the most important finding from this analysis is that the MR diet had a significant positive effect on EE regardless of the age when it was initiated, the Diet Duration, or the Time of Day when it was measured.
The ultimate goal of our work is to translate the documented preclinical efficacy of dietary MR into a therapeutic diet based on dietary MR. The most applicable context would be adults who are overweight and present with elements of metabolic disease. We have undertaken an initial proof of concept study in humans with metabolic syndrome (21) . The approach involved elimination of meat, poultry, dairy and grains from the diet and replacement of 100% of daily protein requirements with a commercial food (e.g., Hominex-2®) containing a semi-synthetic mixture of L-amino acids lacking methionine. In practice, we found that Hominex-2® meal replacements were supplying ~75% of daily energy requirements. Study participants were instructed to make up the calorie deficiency with unlimited fruit and vegetable intake, and limited intake of grains. In our study, the Hominex-2®-based approach to dietary MR increased 24h fat oxidation and reduced hepatic lipid content as predicted (21) . However, a retrospective analysis revealed a key limitation of the Hominex-2®-based approach that limited its overall efficacy. Aside from poor palatability, Hominex-2® contains 0.9 g of cystine/100 g and based on the well-documented methionine-sparing effects of cystine (22), we believe that the cystine in Hominex-2® compromised the reduction in methionine produced by the diet. In subsequent preclinical work, we have established that MR is only effective within a defined concentration range (23) , and that addition of as little as 0.1% cystine to the MR diet reversed all but the direct transcriptional effects of MR on specific hepatic genes associated with de novo lipogenesis (e.g., SCD-1) (19, 24) . This could explain why the presence of cystine in Hominex-2® limited the diet's effects to those on hepatic lipid metabolism (21) . Viewed together, these findings argue that using MR to treat metabolic disease will involve developing palatable foods that eliminate cysteine and provide methionine within the defined range shown to be biologically effective.
What is already known about this subject?
• Initiation of dietary methionine restriction in young rats or mice simultaneously increases energy intake and energy expenditure, but the impact on energy balance is such that the animals maintain a modest positive energy balance and continue to grow, although at a slower rate than Control animals.
• It is unclear how initiating dietary methionine restriction after attainment of physical maturity will affect the components of energy balance and body composition in rats over time.
• It is unclear whether dietary methionine restriction affects the age-dependent changes in the components contributing to variation in energy expenditure and energy balance.
What does your study add?
• Initiation of dietary methionine restriction after attainment of physical maturity increases energy intake and energy expenditure in a coordinated manner that produces animals that are in energy balance with respect to both body weight and body composition.
• Initiation of dietary methionine restriction after attainment of ~80% of physical maturity effectively clamps the body weight and body composition of rats.
• Initiation of dietary methionine restriction in young growing animals produces an increase in energy intake that is sufficient to overcome the increase in energy expenditure and provide net energy to support continued albeit slowed growth for 9 months after weaning.
• The age-dependent decrease in energy expenditure that typically occurs in rats between 4 months of age and 10 months of age is not modified by dietary methionine restriction. The relative contributions of model components in accounting for variation in total EE is shown as the t ratio of each variable's impact on EE and was calculated by Analysis of Covariance. EE was measured in rats by indirect calorimetry after consuming the Control or MR diet for 3 months or 9 months beginning at 6 weeks of age. At each time point, the rats were acclimated in the metabolic chambers for 24 h prior to measurement of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) at 48-min intervals for 72 h. EE was calculated as described in the Materials and Methods. The rats were acclimated in the metabolic chambers for 24 h prior to measurement of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) at 48-min intervals for 72 h after the rats consumed the Control or MR diet for 3 months or 9 months beginning at 6 weeks of age. Least squares means of EE and RER for the time of day x diet duration interaction for each diet were calculated by Analysis of Covariance. EE and RER were calculated from VO 2 and VCO 2 as described in the Materials and Methods. Least square means ± SEM are presented in the bar graph and means annotated with different letters differ at P<0.05. The relative contributions of model components in accounting for variation in total EE is shown as the t ratio of each variable's impact on EE and was calculated by Analysis of Covariance. EE was measured by indirect calorimetry after rats had consumed the Control or MR diet for 3 months or 6 months beginning at 6 months of age. The rats were acclimated in the metabolic chambers for 24 h prior to measurement of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) at 48-min intervals for 72 h. The rats were acclimated in the metabolic chambers for 24 h prior to measurement of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) at 48-min intervals for 72 h after the rats consumed the Control or MR diet for 3 months or 6 months beginning at 6 months of age. Least squares means of EE and RER for the time of day x diet duration interaction for each diet were calculated by Analysis of Covariance. EE and RER were calculated from VO 2 and VCO 2 as described in the Materials and Methods. Least square means ± SEM are presented in the bar graph and means annotated with different letters differ at P<0.05. Thirty-two 5 wk old male rats were singly housed and fed the Control diet for 7 d and then half the rats were randomized to receive the MR diet while the remaining rats continued to receive the Control diet. Body weight, body composition, and food intake were measured at weekly intervals. Response variables at each time point were compared using a 2-way ANOVA and least squares means of each variable were compared using residual variance as the error term and the Bonferroni correction. Means annotated with an asterisk differ from the Control group means at P<0.05.
2
The % Adiposity was calculated as the fat mass/body weight x 100 and % fat free mass was calculated as fat free mass divided by body weight x 100.
3
The average food intake less spillage was determined over a 24 h period in rats each diet, converted to kJ, and expressed as kJ/rat/day.
4
The average energy intake per day expressed per unit of body weight.
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Wanders et al. Page 17 Table 3 Experiment 2, Adult Study. Effects of dietary methionine on food consumption and body composition over time in rats after initiation of the MR diet at 6 months of age Thirty-two 6 mo old male rats were singly housed and fed the Control diet for 7 d and then half the rats were randomized to receive the MR diet while the remaining rats continued to receive the Control diet. Body weight, body composition, and food intake were measured at weekly intervals. Response variables at each time point were compared using a 2-way ANOVA and least squares means of each variable were compared using residual variance as the error term and the Bonferroni correction. Means annotated with an asterisk differ from the Control group means at P<0.05.
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3
The average food intake less spillage was determined over a 24 h period in rats on each diet, converted to kJ, and expressed as kJ/rat/day.
4
The average energy intake per day was expressed per unit of body weight.
